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F-76821 Mont Saint Aignan, France

Receied July 28, 2004

Ten cross-linked polystyrene-supported, protected chiral amines featuring both a spacer, comprising from
5to 15 atoms, and a fluorinated linker have been successfully prepared. The development of the monitoring
technique by gel-phasé& NMR spectrometry on cross-linked polystyrene derivatives proved to be of high
value in four steps of the process, as shown by the comparison of data gathered from both a classic NMR
spectrometer and elemental analysis. Gel-ph#¥S8IMR spectrometry, thus, constitutes a useful technique
that complements IR antiC NMR spectrometries for the qualitative monitoring of reactions. In addition,
guantitative determination of the conversion in a given transformation is possible, provid&¥rtbia¢mical

shifts of the substrate and the product be different enotgh™( base width), as illustrated by the Mitsunobu
coupling processl6 — 17). The technique is nondestructive, and the samples used to monitor the reactions
may be returned to the reaction medium. Deprotection of the above amines was achieved and furnished
eight of the final resins in good to acceptable purity for future applications.

Introduction partly solves the problems of chemical shift anisotropy and
dipolar coupling® Among these nucleil®F represents a

The explosive development of nonpeptidic, supported ‘ , : ) )
>)candldate of choice to be incorporated in a linker because

organic chemistry during the past decade has been largel . . .
due to the need of pharmaceutical and agrochemical com.Of both the large number of commercially available fluori-
panies, for instance, to produce great numbers of neWnated molecules and the fact that polymers are usually devoid

molecular entities for large-scale screening. Supported of fluorine, and will, thus, not interfere in the analysis. In
chemistry is, indeed, well-suited for automation, and this addition, **F features a natural abundance of 100% and a

formed the basis for the development of the very concepts Mgh relative intensity of 0.83 (compared #). _
of combinatorial and parallel syntheses, as well as for the The literature reports several examples of fluorine-bearing
production of librarieg. substrates grafted on polymers (cross-linked polystyrene (PS)

A drawback of cross-linked polystyrene-supported chem- and polystyrene cross-linked poly(ethylene glycol) graft

istry is the relative lack of analytical, nondestructive methods polymers (PSPEG)) gnd thg use O_f gel-phas® NMR

to monitor reactions and assess conversions of substrates intgpectrqmetry Ig monitor their reactionExpectedly, the
products. Several techniques, such as high-resolution magi(;esolu_t|on of ®F NMR spectra of PSPEG-supported
angle spinning nuclear magnetic resonance (HRMAS NMR) materials was found to be markedly higher than those of
spectrometry or presaturation of the polymeric backbone PS-supported substrates/products. _ )
signals, for example, have thus emerged to try to overcome _|© OUr knowledge, olr;Iy four reports on fluorinated linkers,
these difficultie:® However, these techniques either require it the aim of using®F NMR spectrometry to monitor
specific instrumentation or are time-consuming, thus leaving "€actions, have been published so far. In all cases,-& PS
room for the development of alternatives. PEG support was used, and the resolution of the spectra was

Among the possibilies is the use of standard, gel—phaseszg‘,’;’,n to be close to ﬂlat oftsolutmn}ph?llse .spfc(l;m.
NMR spectrometry. However, the only nuclei leading to ? kl(ljonlillone patl?]e: re|p0: s on te use'? a uo;lnag crloss-
relatively well resolved gel-phase NMR spectra 8@ N, n ?I cr ortorge y [{30 gNyrene otmo_n!( orhreac 1ons |nvtcr>1v-
197, and3'P because their strong chemical shift dispersion "9 fiuorinated reéactantsiio report exists, however, on the

use of a fluorinated linker grafted on cross-linked polysty-

* To whom correspondence should be addressed. E-mail: Serge.Piettre@rene_- d_esplt_e the fact that the analytical problem is most
univ-rouen.fr. _ crucial in this case. In the course of a study on the use of

! Laboratoire des Fonctions AZete et Oxygeées Complexes. PS-supported chiral amines in various organochemical

* Laboratoire de Chimie Organique Biologique et Structurale. f . d d | ins b .

§Present address: Analytical Sciences and Strategic Technologies,.trans ormations, we produce several new PS resins bearing
GlaxoSmithKline S. p. A., Via Fleming 4, 37135 Verona, ltaly. in some cases a spacer and a fluorinated linker. We hereafter

10.1021/cc0498736 CCC: $30.25 © 2005 American Chemical Society
Published on Web 01/28/2005



.7, No. 2 Hourdin et al.

Scheme &
F

BrOOCHS

2

(), (i)

R

(iii), (iv)

n=1

F
_— n

aaoao
Qoo
3333
o n
ENION VS

F

8

F

9a: X=Cl
9b: X=Br
9c: X=I

v

286 Journal of Combinatorial Chemistry, 2005, Vol
RE‘
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Figure 1. Structures of compoundsand2 and generic structure
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report on their synthesis as well as on the influence of several

parameters on the resolution of gel-ph&%eNMR spectra
of the various intermediates and show that gel-phdBe

NMR spectrometry constitutes an adequate means of moni-

toring reactions.

a(i) Mg, Et,0, 36°C, 0.5 h. (ii) HC=CH—(CHp),—Br (n=1,4a n=
2,4b; n = 3, 4c, n = 4, 4d), THF, 25°C, 1.5 h. (iii) NaBH,, BFs.EO,
(CH3),C=CH—CHs, THF, 0—25°C, 2 h. (iv) O, NaOH, HO, 1 h. (v)
SOCh, CHCE, 25-42°C, 1 h @a); or P(GHs)s, Bra, CHsCN, 0°C, 0.5 h
(9b); or imidazole, P(@Hs)s, |2, CHyClp, 0—25 °C, 5 h ©¢). (vi) HO—

(CH2)o—OH (0 = 4, 10g 0 = 9, 10b), NaH, THF, 56°C, 6 h.
Results and Discussion

The ready availability of both enantiomers of prolibe compounds (when formed) were the reduced, 2-fluoroanisole
the presence of an additional function group to tether the (6) or the 3,3-difluoro-4,4-dimethoxybiphenyl 7) resulting
molecule to the polymer, and the numerous involvement of from the homocoupling process af
derivatives of these amines in efficient solution-phase Propene derivativBawas then regioselectively converted
asymmetric synthesis, guided us in the choice )({-)- into alcohol8 by applying a classical sequence of hydrobo-
prolinol (1b) as the starting chiral secondary amine (Figure ration (using disecisoamylborane) and oxidatidA. This
1) 29 Among the possible precursors of the fluorinated linker, alcohol was isolated in excellent yield and constituted the
we selected the commercially available 4-bromo-2-fluoro- template from which chlorid®a, bromide9b, and iodide
anisole ). Indeed, the inherent inertness of the aryl group 9c were generated in yields ranging from 83 to 91% using
warrants the stability and lack of reactivity of the linker under [iterature procedures.

a variety of experimental conditions. In addition, the presence  This approach, thus, delivered our linker flanked by a
of both the bromine atom and the ether group allowed us to 3-atom side chain but failed to produce analogous compounds
envision a smooth grafting of the amine unit by transforming featuring a longer arm. It was, thus, decided to react
the ether moiety, as well as the tethering on the polystyrenehalogenated derivativéswith 1,4-butanediol108) and 1,9-
matrix by exploiting the reactivity of the €Br bond. nonanediol {0b) under basic conditions. Interaction 8&

Moreover, because of the well-documented beneficial with 2.5 equiv of10ain a 3:1 mixture of tetrahydrofuran
effect on reactivity of a spacer between the polymer backbone(THF) andN,N-dimethylformamide (DMF) in the presence
and the tethered substrate, it was decided to incorporate eof sodium hydride at 58C led exclusively to the desired
number of atoms between the cross-linked polystyrene andsubstitution product, albeit in low yield (30%). Bromi@b
the fluorinated linker. A generic structurg of the so- afforded a better yield (53%), but inspection of the crude
designed supported proline derivatives is depicted in Figure'H NMR spectrum indicated the presence of alkdee
1. resulting from a competitive elimination process. The latter

Fluoroanisole2 was first transformed according to the transformation was completely favored in the case of iodide
sequence of reactions depicted in Scheme 1. Thus, interactior®c, with 5a becoming the exclusive product. Eventually,
between2 and magnesium in diethyl ether led to the synthesis of alcohdllawas optimized from bromid8b in
corresponding Grignard reagent, which reacted smoothly with refluxing THF: a 92:8 mixture ot 1a5awas now produced,
allyl bromide to deliver, after purification, the desired from whichllacould reproducibly be isolated in 75% yield.

propeneba in 75% isolated yield® However, no reaction
occurred with either 4-bromobut-1-enébj, 5-bromopent-
1-ene fc), or 6-bromohex-1-enedfl), thereby showing the
need for an activated bromide in this reactiéi reverse

The use of nonanedidlOb under similar conditions delivered
alcohol11b (62% isolated yield).

Alcohols 8, 11a and11b were then tethered on various
chlorinated 1% polystyrenes corresponding to the generic

reaction sequence was attempted by preparing the organostructurel?2 (Figure 2). Loadings of 0.8 and 2.5 mmol/g of

magnesium and organozinc derivativesddfand coupling
the metalated reactants 2aunder palladium(0) or nickel(0)
catalysis. However, only traces of the desired prodict
were detected under a variety of conditions, and the major

resin were used in the case of Merrifield polyni&a(q =

1), whereas polymer&2b—e were synthesized by way of
two sequential treatments of 1% cross-linked poly-
styrene withn-butyllithium in refluxing cyclohexane and
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O_(CH2)q'C| Scheme 2
F

12a:q=1; O = 1% cross-linked polystyrene O—(CHz)q'Cl + X\_/_©700H3 i)

12b: q=3; o — 1% cross-linked polystyrene

12a: q =1 (2.1 mequivs/q) 8: X=0H
12c:q=4; O = 1% cross-linked polystyrene 12b:gq=3 11a: X=0-(CHp)4-OH
12c:q=4 11b: X=0-(CHz)g-OH
12d: q=5; o = 1% cross-linked polystyrene ‘:gd: q =g
e q=
12e:q=6; O = 1% cross-linked polystyrene 12g: q = 1 (0.8 mequive/g)

126 q =4 o = 2% cross-linked polystyrene ’{ﬁt\’ F (i) ’QY F
Figure 2. Structures of the various residg. Q ’\/\©: Q /\/\@
OMe CHg

CH,Cl OMe
Table 1. Results from the Manual and Automated 1

-
=

: ' a: Y =0;q=1 (prepared from 12a)
Alkylation of Cross-Linked Polystyrene b:Y=0;q=3
% % % yed  §YI3137%
entry polymer DVB¢ gq Brd ng® Cl¢ nge (%) eY=0: q=6
12 12f 2 4 020 0.025 863 243 26 f:Y =0-(CHy)4-0; q = 1 (prepared from 12a)
2b 12f 2 4 006 0.07 8.47 2.38 25 g: Y = O-(CH2)g-O; q = 1 (prepared from 12a)
3 12b 1 3 106 013 7.03 198 22 h: Y=0;q=1 (prepared from 12g)
4 12¢ 1 4 008 001 934 263 27 i: ¥'= O-(CHy)4-0: q = 1 (prepared from 12g)
5  12d 1 5 007 0009 896 252 26 J: Y= 0-(CH2)g-0; q = 1 (prepared from 12g)
6o 12e 1 6 008 0.01 877 247 26

E
o
>

F
aManual.” Automated.c % DVB = cross-linking (% of di- ,\/\@:
vinylbenzene in the polymery.From elemental analysi§ln OH

mequiv per gram of resif.Percent of alkylated cycles on the 16a: Y = O; q = 1 (prepared from 15a)
polymer [(ici + ng/Neycied x 100]. 16b:Y=0;q=3
16c:Y=0;q=4

in the presence oN,N,N',N'-tetramethylethylenediamine :g \‘f = gf g jg
(TMEDA), followed by quenching of the resultant lithiated 16f- Y ;0_’(?;['2)4_0; q=1 (prepared from 15f)
polymer with 1-bromo-3-chloropropané3a), 1-bromo-3- 16g: Y = O-(CH2)g-0; q = 1 (prepared from 15g)
chlorobutane 13b), 1-bromo-5-chloropentanel®d, and 16h: Y = O; q = 1 (prepared from 15h) .
1-bromo-6-ch|orohexand$d) 13 16i: Y = O-(CH»)4-0; q = 1 (prepared from 15i)

' 16j: Y = O-(CHy)g-O; q = 1 (prepared from 15j)

We founql that these alkylating processes can eaS|I_y be 2 (i) NaH, 18-6 crown ether (2% mol), DMF, 80C, 15 h (42, 14h—
conducted in an automated way by using a commercially j) or 48 h 14b—g). (i) EtsBHLi, THF, reflux, 15 h. (iii) EtSLi, DMF, 100
available synthesizéf.Thus, for instance, carrying out this  °C.

reaction with 2% cross-linked polystyrene in a classical

round-bottomed flask using gentle magnetic stirring with after 15 h (2a) or 48 h (L2b—e), and a classical workup
bromide13b delivered, after workup, a polyméef, which delivered resinsl4a—e. Elemental analysis indicated the
was submitted to elemental analysis. Results indicated anPresence of 2.412.71% mass of fluorine and 0.58.98%
8.63% mass incorporation of chlorine, along wit.2% mass of unconsumed chlorine, corresponding to yields of
mass remnant bromine (Table 1, entry 1). When this 89—70% for the Williamson reaction (Table 2).
transformation was performed in an automated manner, a Commercially available Merrifield resinl@a nc = 2.1
material characterized by an 8.47% mass incorporation of mequiv/g) was also reacted with alcohtilsaand11bunder
chlorine and 0.06% mass of bromine was produced (entry similar conditions to yield polymer$4f and 14g (Scheme

2). Analogously, 1% cross-linked polystyrene and dihalo- 2; Table 2, entries 6 and 7). In addition, interactions between
alkanesl3a—d yielded the corresponding polymet&b—e Merrifield resin12gfeaturing a low chlorine loadingh¢ =

with excellent chlorine incorporation (7.63.34% mass) 0.8 mequiv/g) and alcoho 11a and11lbwere also carried
(entries 3-6). These data translated into percentages of out and afforded products4h—j (Table 3, entries 810).
alkylated phenyl rings ranging from 22 to 27, in accordance The yields in Table 2 clearly indicate that the efficiency of
with literature data on related reactiofisThe power and  the substitution reaction decreases with the distance from
reliability of automation was further confirmed by an the polymeric matrix or when the size of the nucleophilic
experiment similar to that of entry 4; this time, however, species increases. Furthermore, the reaction with &
the polymer was subjected to a single treatment with (low loading) is the least efficient, furnishing the products
n-butyllithium. Analysis demonstrated 8.91 and 0.14% mass in moderate to low yields; no improvement was noted when

incorporation of chlorine and bromine, respectively. resins14g or 14j were subjected to a second run of ether
Reacting polymerd2a—e with alcohol 8 allowed us to formation.
generate new resins featuring both a spacer, comprisii 5 The yields in Table 2 also show that some of the

atoms, and the fluorinated linker. This was achieved by chloromethylene units do not react with the alcoholates under
heating a DMF mixture o8, the requisite polymer and the reaction conditions. To avoid any competitive process
sodium hydride, along with a catalytic amount of 18-6 crown in the rest of the synthesis or in the use of the final resins,
ether (Scheme 2). Complete consumptiorBefas reached  the unreacted halomethylenes were reduced by interaction
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Table 2. Analysis and Yields of Polymers4da—j
entry starting polymer startingg2 q X product % Ct Nci@ % P N2 yield (%)
1 12a 2.1 1 O 1l4a 0.53 0.15 2.71 1.42 89
2 12b 1.98 3 (o] 14b 0.63 0.18 2.49 131 86
3 12c 2.63 4 O 1l4c 0.98 0.28 2.60 1.37 72
4 12d 2.52 5 O 14d 0.68 0.19 2.59 1.37 74
5 12e 2.47 6 O 1l4e 0.81 0.23 241 1.27 70
6 12a 2.1 1 O-(CH,),—0O 14f 0.93 0.26 2.16 1.14 79
7 12a 2.1 1 O-(CH,)e—0O 14g 1.83 051 136 0.71 55
8 129 0.8 1 O 14h 0.43 0.12 1.05 0.55 78
9 129 0.8 1 O-(CH,),—0O 14i 0.56 0.16 0.90 0.48 70
10 129 0.8 1 O—(CH,)e—0O 14 1.47 0.41 0.36 0.19 29

an mequiv per gram of resif. From elemental analysi&[ne/Ng may x 100] in whichng max= N ma/1 + Nc; (MW (alcohol) — MW(HCI)),
and MW = molecular weight of the alcohol.

Table 3. Gel-Phasé®F NMR Spectrometry Analysis of
Polymer15d in Different Solvents

entry solvent o (ppmp  Lip(ppmpP B (ppmyf
1 CDCk —136.0 0.24 1.3
2 CsDs —135.0 0.37 1.75
3 tolueneds —135.0 0.40 2.0
4 CD.Cl, —136.8 0.40 1.95
5 THFdg —138.5 0.44 1.95
6 acetoneds —136.5 0.55 1.8
7 CDsCN —136.0 1.20 2.9

aCFCk was used as external referenéélalf-height width.

¢ Base width.

with lithium triethylborohydride (LiEfBH).1® Thus, refluxing
a THF mixture of any of polymer4a—j and excess Likt
BH for 15 h resulted in the clean reduction of all &I

moieties: elemental analysis of the thereby-formed resins
15a-j indicated remnant chlorine contents between 0.03 an
0.20% (<0.05 mmol Cl/g).

the notable exception of resirbd (entry 4). The half-height
width, however, differs much more from one resin to another
and is not directly related to the length of the spacer. It is
noteworthy that the nature of the spacer seems to have a
direct influence on the resolution of the signal. Thus, both
resinsl5eand15f possess a spacer featuring an equal number
of atoms (i.e., 10); however, the arm Ihe contains only
one oxygen atom and leads to a better resolved signal. This
is somewhat peculiar in view of the known, better resolution
of signals in PSPEG polymers. Finally, comparison
between entries 1168 and 8 (L5h), 6 (15f) and 9 (5i),

and 7 50 and 10 {5j) clearly shows that resins featuring
low loadings display better resolvé® NMR signals.

The methoxy unit of the linker was next cleaved selectively
by heating at 100C a slurry of the requisite resin in DMF

d¢in the presence of sodium ethylthioldfeThe reaction was

monitored by °F NMR spectrometry in the following

Resin15dwas chosen as a model featuring the fluorinated Manner. A 2.0-mL aliquot of the stirring slurry was taken
linker and subjected to gel-phad#® NMR spectrometry _ : _
analysis by placing 50 mg in an NMR tube, adding the Sequential washing of the polymer with anhydrous THF and
solvent, and waiting 15 min to obtain a homogeneous swollen ether delivered the desired sample. When this simple workup
samplel” A study of the optimal solvent was also carried Was carried out afted h of heating of resirl5¢ the spectra
out by recording the spectra of reslibd in seven of the
most common organic deuterated solvents (Table 3). The —140.5 ppm (2:3 ratio) (Figure 3). After 16 h, the ratio had
results clearly indicate that CDgLiks the solvent of choice,
leading to the best resolved signal, and that more polar complete disappearance of the signal-dt36.0 ppm. The
solvents induce a lower resolution of the signals (entries 6 deprotection of all the other resinkSa—b and15d—j) were
and 7). No swelling occurred in deuterated methyl sulfoxide conducted and monitored analogously. Thus, the gel-phase
or methanol.

The nine other polymersl5a—c and 15e—j, were sub-
jected to the same treatment, and i#ffeNMR spectrometry
signals were recorded. Data are gathered in Table 4. Thealiquot may be returned to the reaction mixture after having
base width of the signals falls between 2.3 and 4.5 ppm with delivered the required information.

by syringe, treated briefly wit1 M sulfuric acid, and filtered.

of the resultant sample showed two signals-d136.0 and

evolved to a 1:9 mixture, and 24 h of heating resulted in the

%F NMR spectrometry technique as a means to monitor PS-
supported reactions displayed here its full potential. It has
to be noted that the method is nondestructive and that the

Table 4. Gel-Phasé®F NMR Spectrometry Data of Polymeti$a—j and16a—j in CDCls

entry m resin d (ppmy Ly (ppmy B (ppmy resin d (ppmy Ly (ppmy B (ppmy
1 5 15a —135.85 1.00 4.5 16a —139.6 1.60 8.9
2 7 15b —136.00 0.40 3.2 16b —140.6 0.8 3.5
3 8 15¢c —136.00 0.75 4.2 16¢ —140.4 1.05 4.2
4 9 15d —136.05 0.35 1.2 16d —140.5 0.80 3.2
5 10 15e —136.10 0.45 3.2 16e —140.4 1.15 4.5
6 10 15f —136.05 0.85 4.0 16f —139.5 2.05 7.1
7 15 15¢g —135.90 1.35 4.0 169 —141.2 2.30 9.5
8 5 15h —135.90 0.60 3.0 16h —139.4 1.40 4.2
9 10 15i —136.00 0.65 2.3 16i —140.7 1.50 4.7
10 15 15j —136.00 1.06 3.3 16j —139.5 1.95 6.3

aTotal number of atoms in the spacBICFCk was used as external refereneelalf-height width.d Base width.
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Figure 3. Gel-phasé® NMR spectra of resid5cafter 4 h (A) and 16 h (B) and spectra of pure reslie and16¢(C and D, respectively).

Comparison of thé’F NMR data for both compoundsc

case, the result of a probable intramolecular hydrogen bond

and 16c¢ indicates a broadening of the signal in the latter (Table 4). Here again, the resins featuring a low loading were
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Scheme 3

16
a:¥ =0;q=1 (prepared from 15a)
b:Y=0; q=3
c:Y=0;q=4
d:¥Y=0; q=5
e¥Y=0;9=6
f:Y = 0-(CHy)4-0; q = 1 (prepared from 15f)
g: Y = 0-(CHyz)g-0; q = 1 (prepared from 15g)
h:Y=0;q=1 (prepared from 15h)
it Y = 0-(CH2)4-O; g = 1 (prepared rom 15i)
j: Y = 0-(CH2)g-O; g = 1 (prepared from 15j)

O’Hi“'/\/UF (i), (i)
o”"-Q
17 :

Boc

Qi i

18

a (i) PheP, DIAD, 1c, THF, 25°C. (ii) 10% TFA, CHClp, 25°C, 12 h.
(iii) NEts, CHsOH, H,0, 25°C.

F
SO
R

20a: R' = COOt-Bu
20b:R'=H

Figure 4. Structures of etherg0.

Hourdin et al.

T T T T
-138 -l ~le€ -4t

Figure 5. Gel-phase!®F NMR spectrum of an aliquot from the
reaction ofl16c and 1c after 20 h of stirring (43% completion).

132

of those measured for both rotamers), thus facilitating the
monitoring. The two singlets, corresponding to the rotamers
of the carbamate group, were separated~y.33 ppm.
Figure 5 displays a typical spectrum obtained from the
reaction of 16c recorded after 20 h of reaction (43%
completion). It is of particular interest to note that the
fluorine nucleus is able to distinguish between both car-
bamate rotamers located zn bonds awayTable 5 contains
the pertinent®F NMR data of etherd7 (global L;;, andB

for both, partly overlapped signals). The measurggland

B for each rotamer of7cwere 0.6 and 1.6 ppmd(= 134.6
ppm), and 0.7 and 1.23 ppni & 135.2 ppm), respectively.
These numbers indicate a sharpening of the signals when
compared to those df6c

All polymers17a—j were subjected to elemental analysis

characterized by better resolved signals (compare entries 1to determine the exact ratio of nitrogen versus fluorine and,

and 8, 6 and 9, and 7 and 10).

With all 10 supported alcohols6a—j in hand, we turned
our attention to their coupling tdl-Boc-prolinol 1c. As a
model to the supported derivativek? (Scheme 3), a
Mitsunobu-type reaction was worked out betwelmand
commercially available 2-fluorophendl9).*® Thus, interac-
tion betweerlcand19in the presence of triphenylphosphine
(PhsP) and diisopropyl azodicarboxylate (DIAD) in THF at
25 °C resulted in the clean formation of etH#da, isolated
in 79% vyield (Figure 4). Removal of thtert-butoxycarbonyl
group was smoothly achieved under conditions directly
transposable to supported substrates and delivered &@ine
in 93% vyield.

The above Mitsunobu reaction conditions were then

thus, cross check the yields obtained froffF NMR
spectrometry. Results compiled in Table 6 indicate that, in
most cases, the yields from both techniques match almost
perfectly. This validates our approach in a most satisfactory
way. The yields thus obtained BF NMR spectrometry or
from elemental analysis for polymetsb—e translate into

an amount of free, unreacted alcohol functions ranging from
9 to 22% (NMR) or 7 to 24% (elemental analysis) (entries
2—5). Although additional experiments would be needed to
ascertain the reasons behind this relative lack of reactivity,
one may exclude steric hindrance in view of the result
obtained with alcoholsl6a and 16h?' The error was
determined to be minimal or to fall within an acceptable
range (entries 7 and 10); in the latter cases, competitive

slightly adapted to solid-phase synthesis by increasing theprocesses must intervene and partly destroy the spacer.

number of equivalents of BR, DIAD, and aminé.c (3 equiv
each) and applied to supported alcoh6b—j, featuring the
fluorinated linker (Scheme 39.Here again, monitoring of
the reaction was carried out by gel-phd%e NMR spec-
trometry, and in the case of alcoholba and 16f—j,
completion was observed after 72 h. Alcohdléb—e
underwent conversions ranging from 78 to 91%. Addition
of one more equivalent of B, DIAD, andlcdid not induce
any further change (24 h at 2& or 65°C).

The chemical shifts of the fluorine nuclei in all 10 ethers
17 were deshielded te-135 ppm (median chemical shifts

The 10 protected amines were then subjected to depro-
tection by sequentially stirring a GBI, slurry at room
temperature for 12 h in the presence of 10 mol % of TFA,
and treating with triethylamine in a mixture of methanol/
water. Monitoring the reaction by gel-phaséc NMR
spectrometry indicated little change in the chemical shifts;
however, the conversion of the two signalsl@finto a single
one was accompanied by a sharpening of the peak. The
positive incidence of the spacer on this deprotection process
is highlighted by the more drastic conditions (50% TFA in
CH.ClI,, reflux) needed to cleave thert-butoxycarbonyl
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Table 5. Gel-Phasé®F NMR Spectrometry Data of Polymeit§a—j and18a—j in CDCl;

entry m resin O (ppmyp-e Ly (ppmy B (ppmy resin o (ppmy Ly (ppm) B (ppmy
1 5 17a —134.85 2.25 6.9 18a —134.9 1.60 6.3
2 7 17b —135.1 1.30 3.7 18b —135.0 0.85 35
3 8 17¢ —134.9 1.30 4.2 18¢c —134.8 0.90 4.2
4 9 17d —135.0 1.30 45 18d —134.8 1.10 3.8
5 10 17e —-135.1 1.40 3.9 18e —135.0 1.05 4.3
6 10 17f —-135.2 2.05 5.9 18f —135.0 1.25 6.5
7 15 17g —135.3 2.15 6.3 18g —135.3 2.85 6.9
8 5 17h —135.15 1.65 5.9 18h —135.1 1.50 7.1
9 10 17i —134.8 1.65 6.0 18i —134.8 2.25 6.8
10 15 17j —135.05 1.95 6.1 18] —135.0 3.05 8.0

aTotal number of atoms in the spaciICFCk was used as external referené&ledian chemical shifts of those measured for both
rotamersd Global half-height width for both signal8 Global base width for both signals.

Table 6. Fluorine and Nitrogen Content of Resiiga—j and Comparison of the Yields Obtained from Elemental Analysis and
from Gel-Phasé NMR Spectrometry

entry  ne resin % F nF % N nN noH b anal. yield (%) 19F NMR yield (%) v (yields) (%}

1 5 17a 2.15 1.13 1.54 112 - 99 100 1
2 7 17b 1.86 0.98 1.16 0.83 0.15 85 88 3
3 8 17c 2.20 1.16 1.51 1.08 0.08 93 91 2
4 9 17d 2.00 1.05 1.12 0.80 0.25 76 78 2
5 10 17e 1.96 1.03 1.30 0.93 0.10 90 90 0
6 10 17f 1.43 1.02 1.39 099 - 97 100 3
7 15 179 1.05 0.55 0.88 0.63 -— 87 106G 13
8 5 17h 0.99 0.52 0.73 052 - 100 100 0
9 10 17i 0.74 0.39 0.56 040 - 97 100 3

10 15 17j 0.29 0.15 0.18 0.13 -— 87 100 14

aTotal number of atoms in the spacen®” = nF — nN. ¢ Calculated from the ratio™/nF. ¢ Complete consumption of the starting alcohol.

eYieIdNMR - yieldanalysis

Table 7. Fluorine and Nitrogen Content of Resifhi8a—j

entry m? resin % F nF % N n\
1 5 18a 2.24 1.18 1.68 1.20
2 7 18b 1.96 1.13 1.22 0.87
3 8 18c 2.38 1.25 1.62 1.16
4 9 18d 2.05 1.08 1.24 0.89
5 10 18e 2.26 1.19 1.48 1.06
6 10 18f 2.33 1.22 1.58 1.13
7 15 189 0.73 0.38 1.06 0.71
8 5 18h 1.06 0.56 0.76 0.54
9 10 18i 0.86 0.45 0.57 0.41
10 15 18j 0.32 0.17 0.07 0.05

aTotal number of atoms in the spacer.

Qo

R‘I

21a: R = CHJCI, R? = COOt-Bu

N

R2

21b: R" = CHg, R? = COOt-Bu

21c:R'=CHs, R% =H

Figure 6. Structures of ethergl

groups of resi21b, obtained by a sequential Williamson
synthesis involving Merrifield resinl@a 2.1 mequiv Cl/g)

observed between andn" in the cases of amines8b and

18d are a reflection of the yields obtained for the Mitsunobu
couplings (see above) and not of the deprotection praéess.
Finally, the notable differences observed for amib@gand

18j show that this particular spacer renders the aryl alkyl
ether group sensitive to the deprotection conditions (entries
7 and 10). Use of compound8a—f and18handi in various
organochemical reactions is currenly under investigation and
will be reported in due course.

Conclusion

Ten cross-linked polystyrene-supported, protected chiral
amines featuring both a spacer, comprising from 5 to 15
atoms, and a fluorinated linker have been successfully
prepared. The development of the monitoring technique by
gel-phasé®F NMR spectrometry on cross-linked polystyrene
derivatives proved to be of high value in four steps of the
process, as shown by the comparison of data gathered from
both a classic NMR spectrometer and elemental analysis.
The signals obtained for the fluorine nuclei were found to
feature half-height and base widths varying with both the
length and the nature of the spacer and exploitable in the

and alcohollc, and reduction of the residual chlorine atoms context of monitoring when thé&F chemical shifts differ
in the thereby-formed21a (Figure 6)?? IR spectrometry
allowed here a qualitative monitoring of the reaction (disap- height width. On the basis of thEF NMR spectrometry

pearance of the €0 absorption at 1700 cm). A classical

by values between 0.5 and 1.0 ppm, depending on the half-

measurements, the optimal spacer lengthdlue in3) seems

workup delivered the supported amines, which were sub-to be of 710 atoms, depending on the polymer. In that
jected to elemental analysis for the determination of the context, it is of note that the two rotamers of carbamatés
fluorine and nitrogen contents. The results in Table 7 indicate are detected by gel-pha¥€ NMR, even though the fluorine
that resinsl7a—f and17h andi underwent a clean reaction
(entries -6 and 8 and 9, respectively). The discrepancies trometry thus constitutes a useful technique that complements

nucleus is seven bonds away. Gel-phé%¥e NMR spec-
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IR and®*C NMR spectrometries for the qualitative monitor- 1285, 1225, 1130, 1030. Anal. Calcd forod;;FO: C,

ing of reactions. In addition, quantitative determination of 72.27; H, 6.67. Found: C, 72.15; H, 6.56.

the conversion in a given transformation is possible, provided  Attempted Coupling Reaction between Bromide 2 and
that ' chemical shifts of the substrate and the product be 5-Hexenylzinc Chloride. 3,3-Difluoro-4,4'-dimethoxybi-
different enough 46 > base width), as illustrated by the  phenyl (7). A solution of 5-hexenylzinc chloride (1.2 mmol,
Mitsunobu coupling processl§ — 17). The technique is 1.2 equiv) in a mixture of THF/EO (2 mL:1.5 mL) is
nondestructive, and the samples used to monitor the reactiongrepared as follows. To magnesium (36 mg, 1.5 mmol) and
may be returned to the reaction medium. Deprotection of g-promohex-1-ene (0.16 mL, 1.2 mmol, 1.2 equiv) in
the above amines was achieved and furnished eight of theanhydrous THF (2 mL) at room temperature is added a
final resins in good to acceptable purity for future applica- catalytic amount of 1,2-dibromoethane. The mixture is stirred
tions. Use of these polymers in asymmetric synthesis is for 1 h, after which a freshly prepatel M solution of zinc

currently under study! chloride (1.5 mL, 1.5 mmol) in ether is added dropwise.
) ) Stirring is continued for 1.5 h, and the resultant slurry is
Experimental Section added dropwise to a solution of tetrakis(triphenylphosphine)-

Cross-linked polystyrene PS-1% DVB and Merrifield resin Palladium (60 mg, 0.05 mmol, 0.05 equiv) and bromiie
MR-1%DVB were purchased from commercial sources. (205 mg, 1 mmol) in anhydrous THF (2 mL). The mixture
Before use, po|ymers were dried for a Coup|e of hours in a is refluxed for 16 h, cooled, and filtered through silica, which
Warming desiccator (40’C/20 mbar)_ Ge|_phase NMR is then rinsed with RO (2 x 20 mL) The combined organic
samples were prepared as follows: 50 mg of dry resin was layers are washed with 1 M aqueous HCIX220 mL) and
placed in an NMR tube, and deuterated chloroform was 1 M aqueous NaHC©(20 mL). Drying over magnesium
slowly added through a 20-cm-long needle plunging down sulfate, filtration, and evaporation of the volatile leaves a
to the bottom of the tube. After swelling of the resin, crude sample, which is chromatographed on silica. Elution
sonication was used to remove air bubbles within the gel. with pentane/ED yields compound as a colorless solid
Unless otherwise indicated, NMR spectra were recorded in (81 mg, 65%). mp 152154 °C (lit: 153.5°C). *H NMR ¢
deuterated chloroform on spectrometers operating at 2007.28-7.18 (m, 4H), 7.03-6.94 (m, 2H), 3.90 (s, 6H)\°F
MHz for proton ¢H), 75 MHz for carbon C), and 282  NMR (188 MHz) 6 27.4-27.3 (m, 2F). MS (Elm/z (rel.
MHz for fluorine (°F). Chemical shiftsd) are expressed in  int.) 250 (M™, 80), 235 (100), 220 (8), 207 (20), 192 (22),
parts per million (ppm) relative to (GHSi, CDCk, and 164 (14), 125 (7§?
hexafluorobenzene, respectively, and coupling constdpts ( 3-(3-Fluoro-4-methoxyphenyl)propan-1-ol (8). To a
are reported in Hertz (Hz). Infrared spectra were recorded suspension of NaBiH(3.80 g, 0.10 mol) in anhydrous THF
on a FT-IR spectrometer; IR spectra of solids and polymers (250 mL) cooled to 0°C is introduced freshly distilled
were recorded as KBr pellets and liquids as films (NaCl); 2-methylbut-2-ene (28 mL, 0.27 mol). A solution of BF
wavelenghs ) are expressed in cmh Low- and high- Et,O (17 mL, 0.13 mol) is next added dropwise while
resolution mass spectra were recorded at the University ofkeeping the temperature below 10. The mixture is stirred
Rouen Mass Spectrometry Department. for 10 min and cooled to 0C, and a solution oba (16.60

3-(3-Fluoro-4-methoxyphenyl)prop-1-ene (5a).To a g, 0.10 mol) in anhydrous THF (50 mL) is added dropwise
suspension of magnesium (7.30 g, 0.30 mol) in anhydrousover 1 h. The reaction mixture is allowed warm to room
ether (100 mL) are added, under nitrogen and at room temperature 41 h). 'H NMR monitoring revealed the
temperature, 4-bromo-2-fluoromethoxybenz)g51.25 g, complete disappearance of the ethenyl hydrogens. The
0.25 mol) and 1,2-dibromoethane (one drop, catalytic reaction mixture is cooled to @ and quenched with MeOH
amount) (caution: exothermic reaction). After 30 min, the (10 mL). A 3 M aqueous solution of NaOH (44 mL, 0.13
mixture is cooled to room temperature, and a solution of mol) is added dropwise while keeping the reaction temper-
freshly distilled allyl bromide 4a) (26 mL, 0.30 mol) in ature below 30C. The mixture is then oxidized by adding
anhydrous THF (50 mL) is added dropwise over 1.5 h. The drop-by-drop a solution of 30% hydrogen peroxyde in water
resultant reaction mixture is cooled t0o°G and quenched (45 mL, 0.40 mol) while keeping the temperature under 50
with an agueous, saturated solution of XIH(50 mL). The °C. The solution is stirred at the same temperature for 1 h.
organic layer is separated, washed twice with brine, dried Removal of THF and addition of ether (250 mL) to the
over MgSQ, and concentrated under reduced pressure. Theresidue leads to a bilayer system, which was separated. The
crude product (yellow oil, 40 g) is purified by distillation aqueous layer is extracted with ether (200 mL). The
under vacuum (Kugelrohr, 10@/0.4 mbar) to give product  combined organic phases are washed twice with a saturated
5aas a colorless oil (31 g, 75%) NMR ¢ 6.93-6.85 (m, solution of NHCI (2 x 50 mL), dried over MgS@ and
3H), 5.90 (ddt, 1H3Jyans= 17.5,334s = 9.5,3] = 6.6), 5.05 concentrated under reduced pressure. Volatiles are eliminated
(dt, 1H,3)s = 9.3, = 1.1), 5.04 (dt, 1H3Jyans= 17.5,4] by distillation under vacuum (Kugelrohr, S@€/0.5 mbar),
= 1.5), 3.85 (s, 3H), 3.29 (d, 2HJ) = 6.6).1%F NMR (188 and pure8 is isolated as a colorless liquid (16.90 g, 92%).
MHz) 6 —136.0 (m, 1F).)3C NMR ¢ 152.7 (d,%Jc—F¢ = 'H NMR 6 6.91-6.77 (m, 3H), 3.82 (s, 3H), 3.60 (t, 2F[]
244.3), 146.3 (d2Jc—¢ = 11.2), 137.5, 133.5 (Flc-F = = 8.3), 2.59 (, 2H3J = 4.0), 2.16 (br s, 1H), 1.80 (qt, 2H,
5.6), 124.4 (d3Jc—r = 3.5), 116.7 (d2Jc—r = 17.6), 116.5, 3] =6.6).%F NMR (188 MHz)6 —136.1 (m, 1F)}*C NMR
113.8, 56.7, 39.9. MS (Elin/z (rel. int.) 166 (M, 100), 0 152.6 (d,%Jc—F = 243.6), 146.0 (d2Jc—r = 11.2), 135.4
151 (34), 135 (37), 103 (30), 77 (48). IR (NaGl)1520, (d, 3Jc—F = 6.3), 124.3 (d3Jc-F = 3.5), 116.4 (dZJc—F =
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17.6), 113.8 (d{Jc—r=2.1), 62.2, 56.7, 34.4, 31.4. MS (EI)
m/z (rel. int.) 184 (M, 43), 166 (17), 139 (100), 109 (15),
96 (14), 77 (29). Anal. Calcd for H13FO,: C, 65.20; H,
7.11. Found: C, 65.09; H, 7.16.
4-(3-Chloropropyl)-2-fluoromethoxybenzene (9a)To a
solution of alcohoB (1.40 g, 7.60 mmol) in chloroform (10
mL) under nitrogen is added dropwise thionyl chloride (1.1
mL, 15.2 mmol, 2.0 equiv). The mixture is then refluxed
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2.64 (t, 2H,3) = 7.3), 2.06 (qt, 2H3J = 6.9). 1%F NMR
(188 MHz) 6 —135.8 (m, 1F)13C NMR 6 152.7 (d,*Jc—f
= 244.1), 146.3 (d2Jc—¢ = 10.2), 133.9 (d3Jc—F = 5.8),
124.5 (d,g\]cfp = 36), 116.6 (d,chfp = 182), 113.9 (d,
Je—r = 2.2), 56.7, 35.6 (d¥Jc—r = 1.5), 35.1, 6.47. MS
(El) m/z (int. rel.) 294 (M, 27), 139 (100), 96 (16), 77 (19).
IR (NaCl) v 1525, 1280, 1225, 1125, 1025.
4-[3-(3-Fluoro-4-methoxyphenyl)propoxy]butan-1-ol

for 30 min, cooled to room temperature, and evaporated. The(11a) and 9-[3-(3-Fluoro-4-methoxyphenyl)propoxy]nonan-

crude residue is purified by Kugelrohr distillation (140/
0.2 mmHg) to yield pure chlorid®a in the form of a
colorless liquid (1.25 g, 83%)}H NMR ¢ 6.93-6.85 (m,
3H), 3.85 (s, 3H), 3.49 (t, 2HJ = 6.6), 2.69 (t, 2H3] =
7.3), 2.02 (qt, 2H3J = 6.6).%°F NMR (188 MHz)0 —135.88
(m, 1F).13C NMR ¢ 152.7 (d,2Jc_¢ = 245.6), 146.3 (d,
2\](:4: = 102), 134.1 (d::'\]cfp = 58), 124.5 (d,S‘chp = 29),
116.5 (d,2Jc—¢ = 18.2), 113.9 (d¥Jc—F = 2.2), 56.7, 44.1,
34.3, 32.1. MS (ElyWz (rel. int.) 204 (M, 37Cl, 20), 202
(M*+,35Cl, 6), 139 (100), 109 (8), 96 (11), 77 (12). IR (NaCl)
v 1518, 1274, 1224, 1122, 1028. Exact mass calcd fef =
CIFO: 202.0561%Cl), 204.0533 {'Cl). Found: 202.0565
(3°Cl), 204.0502 {'Cl).
4-(3-Bromopropyl)-2-fluoromethoxybenzene (9b)Bro-
mine (2 mL, 40 mmol) is added dropwise under nitrogen to
a solution of PPH(10.5 g, 40 mmol) in anhydrous aceto-
nitrile (50 mL) at 0°C. A white precipitate forms, and the
solution turns slightly yellow. Alcoho8 (7.4 g, 40 mmol)

1-ol (11b). General Procedure.To a suspension of NaH
(2.0 equiv) in anhydrous THF (2 mL/mmol of NaH), cooled

to 0°C, are added sequentially, under nitrogen, (18-6) crown
ether (1% mol equiv) and a concentrated solution of the
desired diol10 (2.5 equiv) in THF (0.3 mL/mmol of diol

10). The stirring mixture is warmed to room temperature,
and after 10 min, a solution of bromid (1.0 equiv) in
anhydrous THF (1 mL/mmol ddb) is added dropwise. The
resultant solution is refluxed fo6 h and cooled to OC.
Addition of MeOH (1 mL/mmol of NaH) and concentration
under reduced pressure leaves to a residue to which is added
ether (2 mL/mmol of dioll0). The organic layer is washed
twice with water and twice with brine, dried over MggaO

and concentrated under reduced pressure. The crude product
is purified by flash chromatography on silica and eluted with
n-pentane/ether (8:2) first, then with ether to afford the
desired alcoholi1a 75%, colorless oil11b, 62%, colorless

oil). 11a *H NMR ¢ 6.91-6.83 (m, 3H), 3.83 (s, 1H), 3.63

is then added while keeping the reaction temperature below(m, 2H), 3.42-3.40 (m, 4H), 2.59 (t, 2HJ =7.5), 1.82 (q,

10°C. Evaporation of acetonitrile, addition nfpentane (50
mL), filtration over silica, and concentration of the filtrate
under reduced pressure yields bromide derivaivécolor-
less liquid, 9.0 g, 91%}H NMR 6 6.93-6.85 (m, 3H), 3.85
(s, 3H), 3.35 (t, 2H3J = 6.6), 2.69 (t, 2H3J = 7.3), 2.10
(qt, 2H,3J = 6.9).1%F NMR (188 MHz)6 —135.8 (m, 1F).
13C NMR 6 152.7 (dXJc—r = 245.6), 146.3 (RJc—r = 10.9),
134.0 (dJc— = 5.8), 124.5 (d3Jc—r = 3.6), 116.6 (d2Jc—¢

= 18.2), 113.9 (d¥Jc—F = 2.2), 56.8, 34.4, 33.3, 33.2. MS
(El) m/z (rel. int.) 248 (M™, 81Br, 26), 246 (M, °Br, 27),
139 (100), 109 (5), 96 (8), 77 (7). IR (NaGh1518, 1272,
1224, 1118, 1028. Exact mass (Cl, 200 a¥y calcd for
CioH1,BrFO: 246.0056 Br), 248.0036 {Br). Found:
246.0028 (°Br), 248.0010 {Br).

4-(3-lodopropyl)-2-fluoromethoxybenzene (9c¢).To a
cold (0°C) mixture of triphenylphosphine (2.9 g, 11 mmol,
1.1 equiv) and imidazole (2.0 g, 30 mmol, 3 equiv) in
methylene chloride (50 mL) is added in one addition iodine
(2.8 g, 11 mmol, 1.1 equiv). After 2 min of stirring, a solution
of alcohol8 (1.8 g, 10 mmol) in methylene chloride (25 mL)
is added in such a way as to keep the internal flask
temperature below 10C. Stirring is continued at room
temperature in the dark for 4 h. Excess iodine is then
destroyed by way of a saturated solution of sodium sulfite
(20 mL). The organic layer is then washed twice with 0.01
M aqueous HCI (2x 20 mL) and dried over magnesium

2H,3J=7.0), 1.66 (M, 4H)*°F NMR (188 MHz)6 —136.3
(m, 1F).3C NMR 6 152.7 (d,3Jc—r = 243.5), 146.5 (d,
2Jc—F = 10.7), 135.4 (d3Jc—F = 5.9), 124.3 (d3)c—¢ = 3.4),
116.5 (d,2Jc—¢ = 17.8), 113.8 (d?Jc—F = 2.1), 71.3, 70.3,
63.2, 56.8, 31.7, 31.5, 30.8, 27.3. MS (Bt)z (rel. int.) 256
(M*+, 8), 184 (17), 166 (100), 151 (14), 139 (34). IR (NaCl)
v 3390, 1518, 1274, 1126. Exact mass calcd foHzFOs:
256.1475. Found: 256.14841b; *H NMR 6 6.91-6.83 (m,
3H), 3.83 (s, 3H), 3.60 (t, 2HJ = 6.4), 3.36 (t, 4H3J =
6.4), 2.59 (t, 2H3J = 7.7), 1.81 (g, 2H3J = 7.0), 1.53-
1.28 (m, 14H)°F NMR (188 MHz)6 —136.3 (m, 1F)*C
NMR 6 152.6 (d,%Jc—F = 243.2), 146.0 (d?Jc—r = 10.2),
135.6 (d,2Jc—F = 5.8), 124.3 (d3Jc—r = 2.9), 116.5 (d?Jc—¢
=17.4),113.8 (d}{Jc-r=2.2), 71.4, 70.0, 63.4, 56.8, 31.8,
31.6, 30.1, 29.9, 29.8, 29.8, 29.7, 26.6, 26.1. MS (Bh
(rel. int.) 326 (M™, 13), 166 (100), 151 (6), 139 (18). IR
(NaCl) » 3370, 1518, 1273, 1126. Exact mass calcd for
CiH3:FOs: 326.2257. Found: 326.2237.
Poly-metapara-lithium Polystyrene. Dried PS-1% DVB
or PS-1% DVB (2.1 g, 20 mmol of aromatic rings) is
introduced in a Schlenk tube under argon. Anhydrous
cyclohexane (15 mL) and freshly distilled TMEDA (3 mL,
20 mmol) are added at room temperature, and the resultant
mixture is stirred for a few minutes to obtain a homoge-
neously swollen resin. A 2.5 M solution ofBuLi in hexane
(10 mL, 25 mmol) is then added dropwise, and the mixture

sulfate. Evaporation of the volatiles under reduced pressure,is refluxed for 6 h. Heating is discontinued, and after cooling,

addition of n-pentane to the residue, and filtration of the
solution over silica led after concentration under vacuum to
colorless, liquid iodide9c (2.4 g, 83% yield)H NMR ¢
6.93-6.85 (m, 3H), 3.85 (s, 3H), 3.13 (t, 2H) = 6.6),

the liquid is transferred under argon pressure, via a cannula,
into a flask containing 2-propanol (20 mL). Then anhydrous
cyclohexane (15 mL) is added on the resin, and stirring is
resumed for 5 min, after which the liquid is transferred onto
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2-propanol, via a cannula, under argon pressure. This rinsing—136.1,L,, = 0.25.14e (0 = 6, m = 10): Tana = 70%.
operation is repeated twice more. A secoA8uLi treatment, Anal. found: CI, 0.81; F, 2.41nf = 1.27).%F NMR ¢
identical to the one described above, is carried out, the slurry—136.1,L,,, = 0.45.
is cooled to room temperature, stirring is discontinued, and  Poly-para-[3-(3-fluoro-4-methoxyphenyl)propoxy]-
the liquid is transferred to an excess of 2-propanol. The alkoxymethyl-poly-para-chloromethylpolystyrenes (14f,
lithiated polymer is rinsed six times by addition of anhydrous 14i, Alkoxy = Butoxy and 14g, 14j, Alkoxy = Nonoxy).
cyclohexane (6x 15 mL), followed by removal of the |R v 1250.14f (m = 10): Tana = 79%. Anal. found: CI,
solvent by way of an argon pressure. The thereby obtained0.93; F, 2.16 fF = 1.14).2°F NMR 6 —136.1,L1;> = 0.85.
orange resin is then alkylated with 1-bromeehloroalkanes  14i (m = 10): Tana = 70%. Anal. found: Cl, 0.56; F, 0.90
13a—d (m= 3, 4, 5, 6). (n=0.48).1%F NMR 6 —136.0,L;, = 0.65.14g(m = 15):
Poly-metapara-chloroalkylpolystyrenes (Alkyl = n- Tana = 55%. Anal. found: ClI, 1.83; F, 1.3&{= 0.71).1%
Propyl, n-Butyl, n-Pentyl, n-Hexyl) (12b—f). General NMR 6 —136.0,L1, = 1.25.14j (m = 15): Tana = 29%.
Procedure. The lithiated polymer obtained above (20 mmol Anal. found: CI, 1.47; F, 0.36n{ = 0.19).'%F NMR ¢
of aromatic rings partially lithiated) is swollen by stirring in  —136.0,L1> = 1.05.
anhydrous THF (15 mL) under argon for 5 min. The stirring  Poly-para-[3-(3-fluoro-4-methoxyphenyl)propoxymethyl]-
slurry is then cooled to 0C, and the requisite 1-bromo- poly-para-chloromethylpolystyrenes (14a, 14h)IR v 1250.
chloroalkanel3a—d (m = 3, 4, 5, 6) (20 mmol) is added 14a(m = 5): Tana = 89%. Anal. found: CI, 0.53; F, 2.71
dropwise, leading to instantaneous resin bleaching. The(n" = 1.42).2%F NMR 6 —136.0,L; = 0.75.14h (m = 5):
mixture is stirrel 4 h atroom temperature, and the polymer Tana= 78%. Anal. found: Cl, 0.43; F, 1.0%{= 0.55).1%F
is filtered, sequentially washed with a 1:1 mixture ofQ4 NMR 6 —135.9,L,,, = 0.60.

MeOH (20 mL) and THF (3x 20 mL), and dried in a
warming desiccator under reduced pressure® @20 mbar).
12b—f: IR v (cm™1) 1250. Factor of alkylated ringsTana

Poly-para-(N-tert-butoxycarbonylpyrrolidin-2( S)-yl-
methoxymethyl)poly-para-chloropolystyrene (21a) Resin
12a (2.1 mequiv/g, 1% DVB), NaH (1.0 equiv\N-BOC

= [(n® 4 nBr)/nnes,26 12k Anal. found: Br, 1.06 18" =
0.13); Cl, 7.03 (¢ = 2.00). Tana = 22%27 12¢ Anal.
found: Br, 0.08 (8 = 0.01); Cl, 9.34 (°' = 2.60). Tana =
27%.12d Anal. found: Br, 0.071¢® < 0.01); Cl, 8.96
= 2.5). Tana= 26%.12e Anal. found: Br, 0.081(%" = 0.01);
Cl, 8.77 @ = 2.5). Tana = 26%. 12f. Anal. found: Br,
0.06 (¥ < 0.01); Cl, 8.47 k' = 2.4). Tana = 25%.

prolinol 1c (1 equiv) and 18-crown-6 (5% mol equiv) are
placed in a Schlenck reactor. Under nitrogen, anhydrous
DMF (8—10 mL/g of 12g) is added at room temperature
and gently stirred fo6 h at 80°C. At room temperature, a
1:1 mixture of HO/MeOH (4-5 mL/g of 123) is added and
the mixture is stirred an additional 1 h, after the polymer is
filtered, sequentially washed successively with EtOH, an-
Introduction of the Fluorinated Linkers on Solid hydrous THF, and anhydrous ether {ilb mL/g of 123)
Supports. General Procedure.In a Schlenk tube are and dried in a warming desiccator under reduced pressure
successively introduced the requisite polymer, either com- (40 °C/20 mbar).21a IR v (cm™*) 1700, 1250. Anal.
mercially available MR-1% DVBl12a (n® = 2.1) or MR- found: N, 1.94 ¢N = 1.39); Cl, 1.22 ' = 0.34). Tana =
1% DVB 12g (0.8 mmol/g), or one of the synthesized 89%.
polymers12b—e (n® = 2.0-2.6 mmol/g), NaH (1.%1.3 Reduction of Residual Chloromethylene Groups. Gen-
equiv), and a catalytic amount of 18-crown-6-@% mol). eral Procedure. The requisite resinlda—j and 2189) is
Anhydrous DMF (8-10 mL/g of resin) is added to the placed in a Schlenck tube under nitrogen and swollen in
Schlenk tube, under nitrogen. The slurry is stirred for a few anhydrous THF (10 mL/g of polymerA 1 M THF solution
minutes at room temperature to allow the resin to swell, and of LiEt;BH (0.8—1.0 mL/g of polymer) is slowly added at
a solution of the requisite alcoh8| 11a,or 11b (1.1-1.3 room temperature, and the mixture is refluxed overnight.
equiv) in DMF is carefully added. The mixture is warmed Hydrolysis is carried out at room temperature by adding a
to 80°C for 15 h ((2aand12g) or for 48 h (12b—e). The 1:1 mixture of BO/MeOH. The resin is filtered and
slurry is cooled to room temperature and hydrolyzed with a sequentially rinsed with THF and ether (280 mL/g of
1:1 mixture of HO/MeOH (4-5 mL/g of polymer). After polymer). The polymer is then dried in a warming desiccator
filtration, the resin is sequentially rinsed with EtOH, THF, under reduced pressure (4G/20 mbar).
and ether (1520 mL of each solvent/g of polymer). The Poly-metapara-[3-(3-fluoro-4-methoxyphenyl)propoxy]-
polymer thus obtained is dried in a warming desiccator under alkylpolystyrenes (15b-e) (Alkyl = n-Propyl, n-Butyl,
reduced pressure (4€/20 mbar) and characterized by the n-Pentyl or n-Hexyl, o = 3, 4, 5 or 6, Respectively). 15b

alcohol incorporation factofana.
Poly-metgpara[3-(3-fluoro-4-methoxyphenyl)propoxy]-
alkyl-poly-metapara-chloroalkylpolystyrenes (14b-e)
(Alkyl = n-Propyl, n-Butyl, n-Pentyl, n-Hexyl; o = 3, 4,
5, 6, Respectively)IR v 1250.14b(0 =3, m=7): Tana=
86%. Anal. found: CI, 0.63; F, 2.4%7 = 1.31).1%F NMR
0 —136.0,L12, = 0.4022 14c(0 = 4, m = 8): Tana = 72%.
Anal. found: CI, 0.98; F, 2.60n{ = 1.37).°®F NMR 0
—136.1,L3, = 0.75.14d (0 = 5, m = 9): Tana = 74%.
Anal. found: CI, 0.68; F, 2.59nf = 1.37).°F NMR ¢

(0 =3, m=7): Anal. found: ClI, 0.09° < 0.03).°F
NMR 6 —136.0,L3, = 0.40.15c (0 = 4, m = 8): Anal.
found: CI, 0.07 a°' = 0.02).°F NMR 6 —136.0,L1, =
0.75.15d (0 = 5, m = 9): Anal. found: CI, 0.141{¢ <
0.04).%°F NMR 6 —136.1,Ly, = 0.35.15e(0 = 6, m =
10): Anal. found: CI, 0.06r' < 0.02).°F NMR 6 —136.1,
L]_/z = 0.45.
Poly-para-[3-(3-fluoro-4-methoxyphenyl)propoxy]-
alkoxymethylpolystyrenes (15f, 15i, Alkoxy= Butoxy and
15g, 15j, Alkoxy = Nonoxy). 13f(m = 10): Anal. found:
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Cl, 0.03 @' < 0.01).*F NMR 6 —136.1,Ly, = = 0.85.
15i (m= 10): Anal. found: CI, 0.05r{"' < 0.02).1°F NMR
0 —136.0,Ly> = 0.65.15g (m = 15): Anal. found: ClI,
0.13 (1 < 0.04).1%F NMR 6 —135.9,L3, = 1.35.15j (m
= 15): Anal. found: CI, 0.06 ¢ < 0.02).°F NMR ¢
—136.0,L1/2 = 1.05.

Poly-para-[3-(3-fluoro-4-methoxyphenyl)propoxymeth-
yl]lpolystyrenes (15a, 15h). 15ém = 5): Anal. found: ClI,
0.02 (i < 0.01).1%F NMR ¢ —135.9,L3, = 1.00.33C NMR
0 152.5 (dYJc-r = 220.0), 146.0, 135.6, 124.3, 116.6, 113.8,
73.3 (matrix), 69.6, 56.7 (OMe), 40.9 (matrix), 31X6h
(m = 5): Anal. found: CI, 0.041(® = 0.01).2%F NMR ¢
—135.9,L1/2 = 0.60.

Poly-para-(N-tert-butoxycarbonylpyrrolidin-2( S)-yl-
methoxymethyl)polystyrene (21b)IR v (cm™t) 1700. Anal.
found: Cl<0.1 (" <0.02).

Cleavage of Methoxy Group. General ProcedureA
slurry of the requisite resiriba—j) in anhydrous DMF (&
10 mL/g of polymer) is stirred slowly in a Schlenck tube to
obtain an homogeneous swelling. A freshly prepared® 10
M solution of sodium ethanethiolate in DMF+® equiv)
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temperature and evaporated. The crude product is diluted
with tert-butyl methyl ether (50 mL) to precipitate tri-
phenylphosphine oxide. Filtration and evaporation of the
filtrate delivers a crude product, which is purified by flash
chromatography on silica and eluted with a 6:4 mixture of
n-pentane/ether to afford 10 g (85%) of the desired amine
20aas a colorless oil.d]pp?® = 56.75 (c = 2; CHCk). 'H
NMR 6 7.02-6.84 (m, 4 H), 4.14 (m, 2 H), 4.01 (m, 1 H),
3.39 (m, 2 H), 2.03 (m, 2 H), 1.85 (m, 2 H), 1.43 (s, 9 H).
9F NMR (282 MHz)6 —134.35 (s, 0.5 F);-135.50 (s, 0.5

F). 13C NMR 6 155.98 and 155.68, 154.03 and 153.89 (d,
e = 246.5), 147.25 (m), 125.39, 122.43 and 121.98 (d,
3JcF = 5.3) 117.27 and 117.06 (&J)c—r = 10.4), 116.19
and 115.97, 80.00 and 79.61, 70.12 and 69.36, 56.30, 47.33
and 46.92, 29.04 and 28.32, 28.79, 24.13 and 23.13.
Duplicate signals are due to the presence of two rotamers.
MS (El) m/z (rel int.) 295 (M™), 222 (Ot-Bu, 22), 170
(26), 114 (60), 70 (100), 57 (76). IR (KBn) 1742, 1690.
Anal. Calcd for GeH2.FNQO;: C, 65.07; H, 7.51; N, 4.74.
Found: C, 65.23; H, 7.42; N, 4.78.

Mitsunobu Coupling. General Procedure.The requisite

is then added dropwise under nitrogen pressure at roomresin (6a—j), PPh (3 equiv per mol of ArOH units),

temperature. The reaction mixture is heated to 10Cfor

24 h, and the reaction is monitored by gel-ph&#eNMR
spectrometry. The mixture is cooled to room temperature,
MeOH is added (68 mL/g of resin), and the resin is
neutralized by adding a % 102 M solution of SO, (6—8
mL/g of polymer). The mixture is stirred for an additional
30 min, and the resultant resin is filtered and sequentially
washed with EtOH, THF, and ether (320 mL of each
solvent/g of polymer). The resin thus obtained is dried in a
warming desiccator under reduced pressure G20 mbar).

Poly-metapara-[3-(3-fluoro-4-hydroxyphenyl)propoxy]-
alkylpolystyrenes (16b-e) (Alkyl = n-Propyl, n-Butyl,
n-Pentyl or n-Hexyl, o = 3, 4, 5 or 6, Respectively)IR v
3300.16b(0=3,m=7): % NMR 6 —140.6,L1,, = 0.80
ppm.16c(o =4, m=8): %F NMR 6 —140.4,L,, = 1.05
ppm.16d (0 = 5,m=9): 1% NMR 6 —140.5,L;», = 0.80
ppm.16e(o =6, m= 10): *®F NMR 6 —140.4,L;,= 1.15
ppm.

Poly-para-[3-(3-fluoro-4-hydroxyphenyl)propoxy]al-
koxymethylpolystyrenes (16f and 16i, Alkoxy= Butoxy
and 169, 16j, Alkoxy = Nonoxy). IR v 3300. 16f (m =
10): F NMR ¢ —139.5,L3, = 2.05 ppm.16i (m = 10):

1%F NMR 6 —140.7,L1» = 1.50 ppm.16g (m = 15): °F
NMR 6 —141.2,L3;, = 2.30 ppm.16j (m = 15): %F NMR
0 —139.5,L1, = 1.95 ppm.

Poly-para-[3-(3-fluoro-4-hydroxyphenyl)propoxymeth-
yllpolystyrenes (16a, 16h)IR v 3300.16a(m = 5): °F
NMR 6 —139.6,Ly, = 1.60 ppm.13.C NMR 6 151.4 (d,
e =228.0), 142.2,134.8, 124.8, 117.8, 116.0, 69.9, 31.8.
16h (m = 5): F NMR 6 —139.4,L,,, = 1.40 ppm.

2-(S)-(ortho-fluorophenoxymethyl)-N-tert-butoxycarbo-
nylpyrrolidine (20a). To a mixture oforthofluorophenol
(19) (3.5 mL, 40 mmol),N-BOC-prolinol 1c (12.0 g, 60
mmol, 1.5 equiv) and PRI{15.7 g, 60 mmol, 1.5 equiv) in

N-BOC-prolinol1c (3 equiv), and anhydrous THF (15 mL/g
of polymer) are sequentially placed in a Schlenck tube under
nitrogen, and the resultant heterogeneous mixture is stirred
at room temperature for 10 min. DIAD (3 equiv) is then
added dropwise while keeping the temperature &t5The
mixture is stirred for 3 days, and the reaction is monitored
by gel-phase'®> NMR spectrometry. After completion,
acetone is added to the reaction mixture and stirring is
continued for an additional 30 min. The polymer is filtered
and sequentially washed with acetone, EtOH, and THF(30
50 mL of each solvent/g of polymer). The resin is dried in
a warming desiccator under reduced pressure °@(20
mbar).

Poly-metgpara-{ 3-[3-fluoro-4-(N-tert-butoxycarbon-
ylpyrrolidin-2-( S)-ylmethoxy)phenyl]propoxy} alkyl-
polystyrenes (17b-e) (Alkyl = n-Propyl, n-Butyl, n-Pentyl
or n-Hexyl, o = 3, 4, 5 or 6, Respectively)IR v 3300,
1700.17b (0 =3, m=7): Tymr = 88%2° andTana = 85%.
Anal. found: N, 1.16(N = 0.83); F, 1.861" = 0.98).%°F
NMR 6 —135.1 (d, 0.88F)L12 = 1.25,-140.3 (s, 0.12F).
17c (0 = 4, m = 8): Tnwr= 91% andTans— 93%. Anal.
found: N, 1.51 ¢N = 1.08); F, 2.201(" = 1.16).1°F NMR
0 —135.1 (d, 0.91F)L.1, = 1.30,—140.0 (s, 0.09F)17d (o
=5 m=9): Tymr = 78% andTana = 76%. Anal. found:

N, 1.12 o = 0.80); F, 2.001" = 1.05).°F NMR 6 —135.0
(d, 0.90F),Ly, = 1.30,—139.9 (s, 0.10F)17e(0 =6, m=
10): Tamr = 90% andTana = 90%. Anal. found: N, 1.30
("N = 0.93); F, 1.96 1" = 1.03).*°F NMR 6 —135.1 (d,
0.90F),Ly, = 1.40,—139.9 (s, 0.10F).

Poly-para-{ 3-[3-fluoro-4-(N-tert-butoxycarbonylpyr-
rolidin-2-( S)-ylmethoxy)phenyl]propoxy} alkoxymeth-
ylpolystyrenes (17f, 17i, Alkoxy = Butoxy and 17g-j,
Alkoxy = Nonoxy). Tamr & Tana ~ 100%. IRv 1700.17f
(m=10): Anal. found: N, 1.39r{N = 0.99); F, 1.94((F =

anhydrous THF (150 mL) are added dropwise under nitrogen 1.02).1°F NMR ¢ —135.2,L,,, = 2.05.17i (m= 10): Anal.

diisopropylazodicarboxylate (DIAD, 11.6 mL, 60 mmol, 1.5
equiv). The resultant mixture is stirredrf® h at room

found: N, 0.56 ¢N = 0.40); F, 0.751(" = 0.39).1°F NMR
0 —134.8,L1,=1.65.17g(m= 15): Anal. found: N, 0.88
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(NN = 0.63); F, 1.051(" = 0.55).2°F NMR 6 —135.3,L1»
= 2.15.17j (m = 15): Anal. found: N, 0.18r" = 0.13);
F, 0.29 (F = 0.15).'% NMR ¢ —135.0,Ly, = 1.95.
Poly-para-{ 3-[3-fluoro-4-(N-tert-butoxycarbonylpyr-
rolidin-2-( S)-ylmethoxy)phenyl]propoxymethylpoly-
styrenes (17a, 17h)Tyvr ~ Tana ~ 100%. IRv 1700.17a
(m=75): Anal. found: N, 1.54N = 1.12); F, 2.154" =
1.13).%F NMR 6 —134.8,L3, = 2.25.13C NMR ¢ 153.4

(d, WJc—r = 243.8), 145.4, 135.9, 124.3, 116.8, 115.6, 79.8,

69.7, 69.6, 56.4, 47.4, 31.9, 29.07h (m = 5): Anal.
found: N, 0.73 N = 0.52); F, 0.99 " = 0.52).°F NMR

Hourdin et al.

= n-Propyl, n-Butyl, n-Pentyl or n-Hexyl, o = 3, 4, 5 or
6, Respectively). 18b IR v 3350. Anal. found: N, 1.22
(NN = 0.87); F, 1.96 fF = 1.03).1%F NMR 6 —135.0,L1,
= 0.85.18c IR v 3350. Anal. found: N, 1.62n{ = 1.16);
F, 2.38 @ = 1.25).'%F NMR ¢ —135.0,L> = 0.90.18d.
Anal. found: N, 1.24N = 0.89); F, 2.051(F = 1.08).%°F
NMR 6 —135.0,L4, = 1.10.18e Anal. found: N, 1.48rN
= 1.06); F, 2.26 1 = 1.19).'%F NMR ¢ —135.0,Lyp =
1.05.

Poly-para-{ 3-[3-fluoro-4-(pyrrolidin-2-( S)-ylmethoxy)-
phenyl]propoxymethyl} polystyrenes (18a, 18h)IR v 3350.

0 —135.2,L4 = 1.65. 18a(n=5): Anal. found: N, 1.68rN = 1.20); F, 2.24 1"
2-(S)-(ortho-Fluorophenoxymethyl)pyrrolidine (20b). =1.18).2%F NMR 6 —134.9,L1, = 1.60.18h (n = 5) Anal.
Trifluoroacetic acid (5 mL, 65 mmol, 2 equiv) is added to a found: N, 0.76 ¢" = 0.54); F, 1.06 1fF = 0.56).°F NMR
solution 0f20a(10 g, 33 mmol, 1 equiv) in CkCl, (45 mL) 6 —135.1,Ly2 = 1.50.
at room temperature under nitrogen. The mixture is stirred  Poly-para-(pyrrolidin-2-( S)-ylmethoxymethyl)polysty-
for 4 h at thesame temperature, after which a saturated rene (21c).Resin21b (10 g) and anhydrous Gi&l, (50 mL)
aqueous solution of potassium carbonate (40 mL) is added.are placed in a Schlenck reactor at room temperature and
The organic layer is separated, washed with watex (20 gently stirred (regular magnetic stirring). After 10 min,
mL), dried over MgS@, and concentrated. Kugelrohr distil-  trifluoroacetic acid (50 mL) is added under nitrogen, and
lation under reduced pressure (130/0.8 mbar) gives the  the slurry is refluxed for 6 h. The mixture is cooled and
product as a yellow oil (6.0 g, 93%)x]p?® = —2.25 (c = filtered, and the resin thereby obtained is introduced in a
2; CHCE). 'H NMR (300 MHz)6 6.99-6.79 (m, 4 H), 3.86  second Schlenck reactor along with methanol (40 mL), water
(m, 2 H), 3.44 (m, 1 H), 2.95 (m, 1 H), 2.86 (m, 1 H), 2.74 (40 mL), and triethylamine (20 mL). The slurry is stirred at
(s, 1 H), 1.84 (m, 1 H), 1.70 (m, 2 H), 1.49 (m, 1 HjF room temperature for 0.5 h. Filtration; sequential washing
NMR 6 —135.04 (m, 1F)}C NMR ¢ 153.00 (d,"Jc—F = of the polymer with ethanol (100 mL), distilled THF (100
244.5), 147.39 (d2c-—¢ = 10.5), 124.55 (d3Jc-—¢ = 3.5), mL), and distilled ether (100 mL); and drying under vacuum
121.36 (d,*Jc-—+ = 6.3), 116.34 (d2Jc—r = 18.3), 115.36, (20 mbar) delivers the supported chiral am®ie IR v 3350.
72.98,57.45, 46.78, 28.18, 25.49. MS (ElE (rel int.) 196 Anal. found: N, 1.50N = 1.07); Cl, <0.10.
(M* + 1, 16), 180 (4), 166 (M — F, 3), 112 (11), 95 (8),
83 (15), 70 (100). IR (KBry 3300, 1690, 1610, 1590. Anal.
Calcd for GjH14FNO: C, 67.67; H, 7.23; N, 7.17. Found:
C, 67.79; H, 7.24; N, 7.13.

Cleavage of thetert-Butoxycarbonyl Group. General
Procedure for Resins 18.The requisite polymerl{7a—j)
is swollen in anhydrous Ci€l, (15—20 mL/g of polymer),
and TFA (1.5-2.0 mL/g of polymer, 810 equiv) is added
under nitrogen. The mixture is stirred at room temperature References and Notes
for 12 h. The resin is filtered and stirred in the Schlenck (1) Thomson, L. A.; Ellman, J. AChem Rev. 1996 96, 555—
tube with a 2:2:1 mixture of MeOH/AD/NEL (10—15 mL/g 600. (b) Friehtel, J. S.; Jung, GAngew Chem Int. Ed. 1996
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polymer); and drying in a warming desiccator under reduced
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